In recent years, disasters caused by typhoons, localized downpours, and other phenomena have occurred frequently, and concern over the risk of large-scale water damage caused by river flooding has risen. Although damage resulting from levee breach is particularly serious, there is a lack of technical data on the mechanism behind that phenomenon. Accordingly, this mechanism needs to be clarified to reduce the risk of flood damage.
INTRODUCTION
Disasters caused by typhoons and torrential rainfall events have occurred frequently in recent years, and enormous damage caused by floods has been a concern. Flooding from levee breach has caused particularly great damage. More than 80% of such flooding in the past had been attributed to overflow 1) . However, the process of levee breach has not been clarified. To mitigate flood damage, it is important to study the mechanism of river levee breach.
Studies on levee breach have been conducted using various methods and techniques; however, experiments that assume the lateral overflow seen in actual events or those related to the process of widening at the site of levee breach have not been conducted. Many questions remain unanswered.
As shown in Fig. 1 , the Chiyoda Experimental Flume 2),3) allows field-scale levee breach experiments to be conducted 4),5), 6) , using the lateral overflow from the channel that is seen on actual rivers. By using the Chiyoda Experimental Flume, it is possible to observe the process of levee breach and flooding following such breach by flooding after the occurrence of lateral overflow by conducting field-scale experiments. It had been difficult to chronologically observe the phenomenon of levee breach after the occurrence of overflow. Obtaining chronological observation data on the levee body and hydraulic parameters during the process of levee breach, many aspects of which had not been clarified, is thought to be extremely important to improve technologies for flood disaster prevention and damage mitigation at the time of levee breach.
Shimada et al. 7) have estimated the rate of widening at the levee breach site based on the relationship between the erosion rate of the levee body and the hydraulic parameters around the levee breach site. However, field-scale experiments to clarify the hydraulic characteristics during the process of levee breach have not been conducted. Verification of estimation methods for hydraulic parameters remains a problem to be solved.
A large-scale flume experiment was carried out to determine the hydraulic parameters on levee breach based on the previous studies, and the breach rate of the levee was quantified using obtained parameters.
OUTLINE OF THE EXPERIMENT
(1) Shape of the experimental flume and experiment conditions Plan and side schematic of experimental flume are shown in Fig. 2 . The section to collapse was prepared as a bare levee without turfing, and a notch 0.5 m in depth was made to initiate the levee breach. A wide overflow area was secured by using the Chiyoda New Channel for the experiment. The discharge of the experimental flume was not great enough for the intended experiment. Therefore, to increase the water depth in the flume, the flume width was decreased to 8 m by installing steel pile sheets on one side of the flume and constructing a weir at the downstream end of the flume. To prevent erosion of the surface of the outer slope of the levee body, block surfacing was done on the outer slope of the levee in the experiment section.
In the experiment, four cases with different conditions were conducted to investigate the process of levee breach and to discuss the difference in each case ( Table 1) . Case 1 was set as the standard. A smaller Froude number was set for Case 2. Material with a greater proportion of fine fraction than that of the standard material was used for Case 3. A wider levee crown of 6 m was used for Case 4. The grain size distribution of the levee body is shown in Fig. 3 . The materials used in Cases 1, 2, and 4 contained a large portion of gravel, and that used in Case 3 contained a large portion of fine fraction. However, in Case 3, the material used for constructing the bottom layer (from the river bed height to the 1-m level) was mainly of gravel that was the same as those for the other cases, because it was possible for the fine fractions to be washed out by spring water from the ground under the experiment flume.
(2) Measurement method
The main items for observation are shown in Table 2. Equipment and techniques used for the observation were those that had been verified for their usefulness in preliminary experiments 6) . The details of the chronological changes in discharge were discussed in a previous report 6) . In the experiment for this study, observations using acceleration sensors were done to clarify the time-series collapse process of the levee body during breach. The acceleration sensors detect the acceleration generated when part of the levee where the sensor is installed collapses and is carried away. The erosion process was estimated by measuring the time when the sensor was carried away.
(3) Adjusting the discharge
The discharge in the experiment flume was controlled based on previous cases 8) and to maintain an overflow depth of 30 cm at the notch. First, the discharge was increased until the overflow depth at the notch became about 30 cm. A constant discharge was then maintained by operating the gate. Reduction of the discharge to end the experiment was done after most of the experimental levee had collapsed. Fig. 4 shows the chronological changes in the water supply to the channel through the gate.
RESULTS OF THE EXPERIMENT
The results of the levee breach experiment before the start of widening of the notch at the levee breach site versus that after the start of such widening will be discussed separately.
(1) Before the widening of the opening Fig. 5 shows the cross-section of the levee body at the site with the notch and the progress of levee breach in terms of the plane view, both of which were estimated based on the acceleration sensor data. In all cases, after the start of overflow, erosion started in the inner slope and spread to the top of the inner slope, then the levee crown and then the top of the outer slope. After the erosion progressed to the top of the outer slope, widening of the opening parallel to the direction of channel flow started in both the upstream and downstream directions. This phenomenon was similar to that observed in the previous experiment on front overflow 8) . (2) After the start of widening of the opening Fig. 6 diagrams the widening process of the levee breach opening. The levee breach progressed by repeated occurrence of levee body erosion in the direction of flow and accompanying sediment deposition in the overflow area. The main stream of the overflow moved downstream, maintaining a nearly constant width. The downstream end of the breach opening on the levee was observed to be widening with markedly obliquing erosion that was parallel to the overflow main stream.
PROGRESS OF LEVEE BREACH AND HYDRAULIC PARAMETERS
In the case of a levee breach from overflow, clarification of the progress of breach and hydraulic parameters is extremely important. The following section discusses examinations on the progress of levee breach and hydraulic parameters after the start of the widening of the notch on the levee, with reference to the experiment results. (1) Estimation of the erosion rate of the levee body The phenomenon of levee opening widening was examined in terms of the techniques for quantitative evaluation using hydraulic parameters.
First, the erosion rate during the process of levee breach was quantified. Miyawaki & Izumi 9) tried to reproduce the process of levee breach by assuming that the erosion rate at the levee crown was exponentially proportional to the tractive force, and by quantifying the erosion velocity of the levee body. In our examination, using the method proposed by Miyawaki & Izumi 9) , the levee body collapse rate and the tractive force were examined. Examination was done by assuming that the collapsed levee materials were carried away by the tractive force of the flow in and near the main stream of the overflowing flow. The data were calculated by assuming the levee body collapse rate as the bedload transport rate, and in relation with the dimensionless tractive force that acted on the levee body. For the bedload transport rate and the dimensionless tractive force, Meyer-Peter and Müller Equation (1), which is a commonly used bedload transport formula for dimensional analysis models, was chosen. where q B : bedload transport rate per unit width, τ * : dimensionless tractive force, τ *c : dimensionless critical tractive force, s: submerged specific gravity of sand particles, g: gravitational acceleration, and d: grain diameter of sand. Based on Equation (1), the dimensionless levee body collapse rate, q * , was assumed as Equation (2).
where q * : dimensionless levee body collapse rate, and α * and β * : coefficients. The values of q * and τ * were determined using the experiment equation.
Next, as in Equation (3), the dimensionless levee body collapse rate was determined from the levee body "destruction value per unit time," dV/dt, that included the erosion rate of the foundation ground per unit time, which was obtained from the experiment result. 
where q * : dimensionless levee body collapse rate, V: levee body collapse rate, t: time, s: submerged specific gravity of sand particles, g: gravitational acceleration, d 50 : 50% passing sand particle size, B m : levee bottom width, and λ: porosity. The value for B m should normally be defined as the width of the main stream of overflowing flow on or near the levee body. In this examination, however, the width of the levee body at its bottom (Fig. 7) was used. As described above, when the widening of the levee breach site progressed to a certain extent, it was observed that the width of the main overflow stream became constant and moved downstream-ward at the same pace as that of the progress of widening of the breach opening. However, in the case of actual rivers, it is difficult to estimate the width of the overflowing main stream, because that width changes depending on the discharge, the river width, and the shape of the levee body. It was confirmed in the experiment for this study that the levee width was roughly the same scale as the main stream width. Therefore, it was decided to use the bottom width of the levee body, B m , which is the levee's representative scale, as substitute for the width of the main overflowing stream.
(2) Calculation of the levee body collapse rate Assessment of how much earth and sand was carried away by the overflowing stream at and around the levee breach opening was done by using the levee body collapse rate. The calculation of the levee body collapse rate, which includes the foundation ground collapse rate, was done based on the data from the acceleration sensors installed in the levee body and foundation ground. The results of calculation are shown in Fig. 8 .
In each experiment case, the changes in the levee body collapse rate followed a process in which the levee body collapse rate was small immediately after the start of overflowing but that rate rapidly increased in association with the widening of the levee opening, and then decreased after peaking.
(3) Calculation of hydraulic parameters at the levee breach site As described above, the velocity of the overflow from the breach increased, and this flow hit and breached the levee in the downstream direction. Therefore, in assessing the phenomenon of levee breach widening, it was thought that using the hydraulic parameters measured at and around the levee breach opening was desirable. 9 shows the locations where the hydraulic parameters were set or measured at and around the levee breach opening. As described above, in the progress of widening of the levee breach opening it was observed that erosion progressed on the back slope of the levee before the start of erosion on the other parts of the levee. Therefore, in setting the hydraulic parameters, the hydraulic parameters in the back slope area and the levee bottom width were chosen as the variables.
Next, the dimensionless tractive force, τ * that acted on the levee opening was determined from Equation (4) . where u * : friction velocity, s: submerged specific gravity of sand particles, g: gravitational acceleration, d: grain size of sand particles, h: water depth (i.e., water depth at the levee opening h), and i e : energy gradient.
The uniform flow condition did not apply to this experiment; however, for convenience, Manning's Equation (5) was used. The energy gradient, i e , was obtained from the relationship between the flow velocity on the back slope at the levee breach opening, u, and the water depth, h, and the roughness coefficient, n, was obtained from the experiment flume. By organizing the above variables, Equation (6) was obtained.
where u: flow velocity (average flow velocity obtained from particle image velocimetry (PIV) ana- 
lysis), n: roughness coefficient (the value for the experiment flume: 0.023), and h: water depth (the value obtained from 3D image analysis). For the flow velocity, u, the average of surface flow velocities obtained from the PIV analysis of the data collected at the back slope of the levee breach opening was used. The water depth, h, was obtained from the profile of the water surface resulting from the 3D image analysis and by using the riverbed elevation before the start of experiment discharge as the reference height. The data collection time for the water surface profile by PIV analysis and that by 3D image analysis coincided only several times in each experiment case. The water surface profiles and flow velocities organized using the data collected for both analyses at the same time are shown in Fig. 10 .
Next, the dimensionless tractive force, τ * , was determined by using Equation (7), which was derived by applying Equation (6) into Equation (4).
where d 50 : 50% passing sand particle size. Case 3, as described above, had different materials in the upper and lower parts of the levee body. In this analysis, the grain size of the material with large amounts of fine fraction that was used for the upper 2-m portion of the levee body was used as the variable.
Next, the dimensionless critical tractive force, τ *c , was determined. First, the critical shear velocity, u *c , was determined by using the average grain size and the equation of Iwagaki 10) . The dimensionless critical tractive force, τ *c , was determined from the critical shear velocity, u *c , obtained by the Iwagaki equation and Equation (8) .
(4) Quantification of levee body collapse rate
The relationship between the dimensionless levee body collapse rate, q * , and the dimensionless tractive force, τ * , expressed as Equation (9) was obtained from Equations (2) and (3). The dimensionless critical levee body collapse rate and the dimensionless tractive force obtained from the results of experiment Cases 1 to 4 were applied in Equation (9) to determine the coefficients α * and β * .
The results of the experiment after the start of widening of the levee breach opening, which were obtained using Equations (3), (7), and (8), are plotted in Fig. 11 .
It was clarified that even though the characteristics of the levee body, including those of the materials, were different in each case, the plotted results show that there are correlations between them. Case 3, which was evaluated using the variable for the fine fraction material used for the upper 2 m of the levee body, was replotted by using the variable for the gravelly material used for the lower 1 m of the levee body. The trends of the latter evaluation do not deviate largely from the results of Cases 1 to 4.
It is said that the dimensionless tractive force is proportional to the 3/2 power of the dimensionless Fig.11 The dimensionless levee body collapse rate and the dimensionless tractive force that acts on the levee body.
tractive force in bedload transport formulae. The correlation between the two obtained from the plotted results was y=18.3x 1.5 . The coefficient β * in Equation (9) was approximately the 3/2 power of the dimensionless tractive force. Both of the results are close to those of generally used bedload transport formulas.
Levee collapse was examined by assuming it to be the phenomenon in which the collapsed earth and sand were carried away by the tractive force of the flow at and near the main stream. The examination clarified that the relationship between the dimensionless levee body collapse rate and the dimensionless tractive force at and around the levee opening was able to be expressed in an equation roughly similar to the bedload transport formula.
CONCLUSION
Based on the results of the experiment done here, hydraulic parameters were used to quantitatively evaluate the progress of levee breach. The relationship between the dimensionless levee body collapse rate and the dimensionless tractive force at and around the levee opening was expressed in an equation that was roughly similar to the bedload transport formula. It was also possible, by using the hydraulic parameters measured at the levee opening, to express the relationship between the levee body collapse rate and the tractive force in an equation that is similar to the bedload transport formula. However, it is difficult to observe the hydraulic parameters at the levee opening when levee collapse occurs on actual rivers. Future studies need to explore techniques for estimating the hydraulic parameters in a river channel at the time of levee breach.
